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ABSTRACT 

I.  MICROWAVE AMPLIFICATION IN H I G H  RESISTIVITY G a A s  

The work on two-port u n i l a t e r a l  ampl i f i e r s  i n  t h e  frequency range 
11 -2 from 500 t o  2000 MHz us ing  GaAs samples wi th  n l  products  i n  t h e  10 cm 

reg ion  has  been continued. 

RF probe measurements of t h e  rf p o t e n t i a l  bo th  i n  t h e  l o n g i t u d i n a l  

and t r a n s v e r s e  d i r e c t i o n s  when a space charge wave i s  exc i t ed  through an  

ohmic s t r i p  con tac t  placed near t h e  cathode i n d i c a t e  t h a t :  

(1) t h e  growth of t h e  rf s i g n a l  toward t h e  anode i s  accompanied by 

a s t r o n g  modulation, t h e  o r i g i n  of which i s  y e t  t o  be a s c e r t -  

a ined;  

t h e  wave pene t r a t e s  t r a n s v e r s e l y  t o  some apprec iab le  ex ten t  i n t o  

t h e  semiconductor. 
(2) 

A new a m p l i f i e r  conf igura t ion  i n  which t h e  rf s i g n a l  i s  i n j e c t e d  and 

e x t r a c t e d  through t h e  cathode and anode con tac t s  r e s p e c t i v e l y  has  been 

t r i e d  and appears  t o  be  more p r a c t i c a l  t han  t h e  previous conf igura t ion .  

11. GUNN OSCILLATOR NOISE STUDIES 

Theore t i ca l  equat ions  governing t h e  Gunn e f fec t  have been used t o  

i n v e s t i g a t e  behavior  of gal l ium arsenide  o s c i l l a t o r s .  

observed e f f e c t  of asymmetry i n  bulk  devices  may be explained by use of 

r e s u l t s  from t h e  computer program developed. C i r c u i t r y  has  been added t o  

t h e  mathematical  model and as a r e s u l t  of computational work done a more 

complete p i c t u r e  of t h e  modes of opera t ion  of such devices  i s  beginning 

The experimental ly  

+ ^  -̂̂ Y,-.- 
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A low temperature  system f o r  growing G a A s  from t h e  l i q u i d  s o l u t i o n  

i n  ga l l i um has  been assembled and samples a r e  now being made. 

w i l l  be made of u l t r a  pure components and i s  t o  be used t o  grow high 

The system 



r e s i s t i v i t y  t r a p  f r e e  material f o r  use i n  G a A s  o s c i l l a t o r s .  Growths ob- 

t a i n e d  so fa r  have a r e s i s t i v i t y  l e s s  than  3 n cm. 

Contact behavior and f a b r i c a t i o n  of good con tac t s  t o  G a A s  has  been 

the  sub jec t  of much i n v e s t i g a t i o n .  The outcome of t h i s  work i s  as y e t  

no t  very  d e f i n i t e  except  t o  aff i rm tha t  n regrowth con tac t s  seem t h e  

b e s t  from both f a b r i c a t i o n  and noise  p o i n t s  of view. 

+ 

a 



INTRODUCTION 

The work under this Grant is generally concerned with communication 

and information processing in space satellites and more particularly con- 

cerned wit'n exploring new devices, particularly solid-state and optical 

devices, suitable f o r  generation and modulation of electromagnetic waves 

in the microwave range and upward through the millimeter and optical fre- 

quency ranges. 

porting period: 

I. 

Two projects were active under this Grant during the re- 

Microwave Amplification in High Resistivity GaAs 

11. Gunn Oscillator Noise Studies 

The Responsible Investigator for this Grant is M. Chodorow. 
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PRESENT STATUS 

I. MICROWAVE AMPLIFICATION I N  HIGH RFSISTIVITY G a A s  

( G .  S. Kino, J. Ruch, and B. Fay) 
8 

INTRODUCTION 

The ob jec t ive  of t h i s  i n v e s t i g a t i o n  i s  t o  determine t h e  condi t ions  

of f e a s i b i l i t y  of a u n i l a t e r a l  two-port microwave ampl i f i e r ,  e x p l o i t i n g  

t h e  nega t ive  conductance proper ty  of G a A s  b i a sed  beyond a th re sho ld  

f i e l d  of approximately 3000 v o l t s  per  cm. 

The pre l iminary  work has  cons is ted  mainly of v e r i f y i n g  t h e  s t a t i c  

behavior  of high r e s i s t i v i t y  G a A s  diodes above th re sho ld  by means of 

cur ren t -vol tage  c h a r a c t e r i s t i c  curves and d i r e c t  p o t e n t i a l  probing w i t h  

a t r a v e l i n g  capac i t i ve  probe. 

PRFSENT STATUS 

A c r i t i c a l  parameter f o r  a l l  G a A s  devices  i s  t h e  doping X d e n s i t y  

product o r  n l  product which i s  a measure of t h e  rate of growth wi th  d i s -  

t ance  of space charge d is turbances .  The t r a n s i t i o n  between s t a b l e  and 

an uns t ab le  (Gunn o s c i l l a t i o n )  mode of ope ra t ion  of G a A s  devices  occurs  

around t h e  value 

1 and 5 X 1011 cm 

f o r  a 1 mm long diode wi th  a r e s i s t i v i t y  of 200 ohm-cm. 

nl = 10l2 

For our purpose t h e  d e s i r a b l e  range of n l  product  va lues  l i e s  between 

f o r  which t h e  t h e o r e t i c a l  g a i n  can be as h igh  as 90 dB -2 

RF Probe Measurements 

I n  t h e  ampl i f i e r  experiments p rev ious ly  r epor t ed ,  t h e  coupl ing to 

and f r o m t h e  space charge wave w a s  achieved by means of a p a i r  of ohmic 

s t r i p  con tac t s  deposi ted on one f a c e  of t h e  diode as shown i n  F ig .  1. 

Using t h e  same e x c i t a t i o n  scheme, w e  have i n v e s t i g a t e d  t h e  l o n g i t u d i n a l  
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and t r a n s v e r s e  v a r i a t i o n  of t h e  rf s i g n a l  by means of an r f  probe t h a t  

could be pos i t ioned  a t  va r ious  p l aces  over a f a c e  ad jacent  t o  t h e  one 

ca r ry ing  t h e  s t r i p  con tac t s  ( f a c e  B i n  F ig .  1). 

Two types  of r f  probes were employed. One cons is ted  of a sh ie lded  

5 mil  diameter  tungsten wire c a p a c i t a t i v e l y  coupled t o  t h e  GaAs su r face  

through a 1 m i l t h i c k  Mylar shee t .  The o the r  was a poin t -contac t  type  

probe and cons is ted  of a sh ie lded  15 mil  diameter  wi re  wi th  i t s  extrem- 

i t y  etched down t o  a 0.5  m i l  p o i n t  (12 microns).  F igure  2 i l l u s t r a t e s  

a t y p i c a l  r f  p o t e n t i a l  p r o f i l e  f o r  va r ious  b i a s  c u r r e n t s  observed wi th  

t h e  c a p a c i t a t i v e  probe a t  a frequency of 780 MKz on a 35 mil long diode 

( n l  = 9 X 10 I n  t h i s  case t h e  t r a n s v e r s e  p o s i t i o n  of t h e  probe 

w a s  f i x e d  and s l i g h t l y  i n s i d e  t h e  edge of t h e  exc i t ed  su r face .  F igure  3 
shows t h e  t r ansve r se  v a r i a t i o n  of t h e  rf p o t e n t i a l  a t  a f i x e d  long i tu -  

d i n a l  p o s i t i o n  near t h e  anode, measured wi th  t h e  po in t  contac t  probe. 

11 -2 em ).  

The modulation e f f e c t  i s  s t ronge r  than  what we would expect  from a 

simple bea t ing  phenomenon between t h e  slow space charge wave and t h e  

f a s t  ohmic wave a s soc ia t ed  wi th  t h e  t o t a l  c u r r e n t  through t h e  device.  

I t  may be t h a t  more than  one space charge wave i s  excite 'd and we a r e  Pre-  

s e n t l y  working on a two-dimensional a n a l y s i s  of t h e  e x c i t a t i o n  process  

which should be more appropr i a t e  than  t h e  one-dimensional approach con- 

s ide red  thus  far .  

Two-Port Amplifier 

We have r ecen t ly  adopted t h e  ampl i f i e r  conf igu ra t ion  dep ic t ed  i n  

Fig.  4. I t  has  t h e  advantages of g r e a t e r  ou tput  power c a p a b i l i t y ,  e a s i e r  

tun ing ,  and a l s o  t h e  f a c t  t h a t  t h e  gap spacings can be mechanically ad- 

j u s t e d .  

Some prel iminary measurements on a 40 m i l  long  diode ( n l  = 2 X lo1' 

have enabled US t o  observe a n e t  t e rmina l  g a i n  of up t o  6 dB over narrow 

frequency bands spaced roughly 150 MHz a p a r t  from 500 t o  1700 MHz. 

ga in  was observed a t  1250 MHz where t h e  s a t u r a t i o n  power l e v e l  was - 10 dBm. 

(The d r i f t  f i e l d  was pulsed wi th  a 600 nsec p u l s e  d u r a t i o n  a t  a 100 pps r e -  

p i t i t i o n  ra te .  ) 

Maximum 

Deta i led  measurements w i l l  be r epor t ed  l a t e r .  

- 4 -  
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(f = 780 MHZ) ( v e r t i c a l  s e n s i t i v i t y :  50 mV/cm) a 
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We are s t i l l  faced wi th  t h e  problem of obta in ing  samples wi th  t h e  

r i g h t  n l  product (1 t o  5 X 10l1 cmm2) as t h e  commercially a v a i l a b l e  

material i n  t h e  500 Q-cm r e s i s t i v i t y  range proves t o  be very  inhomoge- 

neous. 

I t  appears  t h a t  t h e  new a m p l i f i e r  conf igura t ion  i s  supe r io r  t o  t h e  

previous one and we w i l l  cont inue our  e f f o r t s  i n  t h i s  d i r e c t i o n .  The 

new mode of e x c i t a t i o n  seems w e l l  s u i t e d  f o r  e p i t a x i a l  m a t e r i a l  and cw 

ope ra t ion  and we plan t o  t r y  t h i s  i n  t h e . n e a r  f u t u r e .  

- a -  

- 
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11. GUNN OSCILLATOR STUDIES AND GROWTH OF EPITAXIAL G a A s  

( C .  F. Quate, J. A. Higgins) 

INTRODUCTION 

This  work has  two p a r t s :  ( a )  an i n v e s t i g a t i o n ,  us ing  a d i g i t a l  

computer, of t h e  behavior  of and t h e  modes of opera t ion  of bu lk  o s c i l -  

l a t o r s ;  and ( b )  t h e  growth of e p i t a x i a l  GaAs of m a x i m u m  p u r i t y  and t h e  

f a b r i c a t i o n  of bu lk  o s c i l l a t o r s ,  us ing  n contac ts ,  from t h i s  material. + 

PRESENT STATUS 

Computer S imula t ions  of Bulk Ef fec t  

An i n v e s t i g a t i o n  of bulk e f f e c t  phenomena has  been i n i t i a t e d  and 

some r e s u l t s  achieved. The bas ic  program on t h e  bulk  e f f e c t  i s  based 

on t h e  concept of t a k i n g  numerical s o l u t i o n s  f o r  s u f f i c i e n t l y  small 

one dimensional segments of the equat ions  which determine t h e  bulk  ef-  

f e c t .  These are t h e  r e l a t i o n s h i p s  of e l e c t r o n  v e l o c i t y  t o  f i e l d ,  t h e  

t o t a l  cu r ren t  equat ion,  and Poisson equat ion.  This  approach i s  not  

new, having been success fu l ly  used by Harker l  and Thim under d i f f e r e n t  

condi t ions .  S impl i f i ca t ion  by t h e  assumption of convenient phys i ca l  

c h a r a c t e r i s t i c s  has  been kept t o  a minimum f o r  as c lose  a s imula t ion  t o  

t h e  r e a l  t h i n g  as poss ib l e .  

i t y  and f i e l d  i s  taken  from the  experimental  r e s u l t s  Ruch and Kino3 and 

2 

To t h i s  end t h e  r e l a t i o n s h i p  between ve loc-  

'K. J. Harker, "Gunn Ef fec t  Theory, It Microwave Laboratory Report 
No. 1388, S tan fo rd  Univers i ty  (October 1967). 

2H, Thimi " C o m p i t e r  Study of Bulk G a A s  Devices wi th  Randcm One 
Dimensional Doping Fluc tua t ions ,"  t o  be publ ished i n  J. Appl. Phys. 

'J. Ruch and G. S. Kino, t o  be publ ished.  

- 9 -  



from t h e s e  are  derived va lues  of t h e  mean mobil i ty ,  mean e l e c t r o n  temper- 

a t u r e  and mean e l ec t ron  d i f f u s i o n  c o e f f i c i e n t s  f o r  GaAs. The d i f f u s i o n  

c o e f f i c i e n t s  and v e l o c i t y  a r e  shown i n  Fig.  5 as func t ions  of t h e  f i e l d .  

The low f i e l d  value of mob i l i t y  i s  7000 cm /see  i n  these  c a l c u l a t i o n s .  2 

The computer work performed and t o  be performed has  t h r e e  m a i n  d i v i -  

s ions :  

when not  accompanied by any o t h e r  c i r c u i t r y .  

a t i o n  of d i p o l e  l aye r s ,  t h e  e f f e c t s  of doping g r a d i e n t s  and v a r i a t i o n s ,  

t h e  e f f e c t s  of temperature p r o f i l e s  which may not  be uniform, con tac t s  

and t h e  e f f e c t s  of changing t h e  v e l o c i t y  f i e l d  c h a r a c t e r i s t i c .  ( 2 )  The 

i n v e s t i g a t i o n  of t h e  s t a r t i n g  behavior  of bulk e f f e c t  devices  i n  s e r i e s  

w i th  a p a r a l l e l  tuned c i r c u i t  as i n  F ig .  6. The e f f o r t  he re  was t o  ob- 

t a i n  t h e o r e t i c a l  d e r i v a t i o n  of some of t h e  phenomena seen i n  t h e  p r a c t i -  

c a l  world.  

w e l l  founded study and c h a r t  of t h e  modes of ope ra t ion  i n  cw and e f f i -  

c i e n c i e s  of operat ion over a l a r g e  range of c i r c u i t  Q va lues ,  device  

b i a s  va lues ,  f requencies ,  and doping p r o f i l e s .  

(1) The i n v e s t i g a t i o n  of some aspec t s  of t h e  bulk  e f f e c t  device 

These a s p e c t s  a r e  t h e  nucle-  

( 3 )  The u l t ima te  a i m  of t h e  computer work i s  t o  produce a 

a. Bulk E f f e c t  Devices 

A l a r g e  amount of t h i s  i n i t i a l  work was done on two samples one 15 pM 
long, h e r e a f t e r  r e f e r r e d  t o  as t h e  "long" sample, and 7.5 pM, t h e  " shor t . "  

Both had doping p r o f i l e s  of some 7 x 10 p o t  pro-  

duc t s  of 

o r  7000 cm / sec  V were accorded t o  t h e  devices  and t h e  con tac t  doping was 

g iven  as 10 t i m e s  t h e  background doping no . 

wi th  which t h e  d ipole  p a t t e r n  may b u i l d  up i n  t h e  device  when t h e  device 

i s  b i a sed  above threshold .  The s h o r t e r  devices  proved a l t o g e t h e r  ha rde r  

t o  induce d ipole  modes i n t o ,  p r e f e r r i n g  t o  show accumulation modes. 

14 3 /cm , making them have 
12 2 

1 X l 0 l 2  and 0.5 X 10 , r e s p e c t i v e l y .  M o b i l i t i e s  of 9OOOcm /See v 
2 

1. The d i f f e rence  between t h e  long and t h e  s h o r t  i s  t h e  r ead iness  

2. The shor t  devices  would show d i p o l e  modes if a r e s i s t i v e  notch 

( i . e . ,  a sec t ion  of low c a r r i e r  concent ra t ion  were placed near  t h e  cathode ) 

(end nea re r  0) and i f  t h i s  notch were of s u f f i c i e n t  width.  

were placed a t  the  anode end then  only  accumulation modes would r e s u l t .  

These would of course l e a d  t o  break  down as high f i e l d s  would be a t  t h e  

anode a t  a l l  times, causing a severe  h e a t  problem (see  Fig .  7). 

If t h e  notch 

- 10 - 
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GaAs 

FIG, 6 -, -circuit conf igura t ion .  
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3. I n  t h e  long diodes t h e  p o s i t i o n  of t h e  r e s i s t i v e  notch w i l l  have 

t h e  same r e s u l t s .  A d i f f e r e n c e  i s  no t i ceab le  i n  t h e  c l a r i t y  wi th  which 

t h e  d ipo le  forms i n  t h i s  case.  The r a t e  of growth conforms t o  a negat ive  

d i f f e r e n t i a l  mobil i ty  of one s i x t h  t h e  low f i e l d  mobi l i ty ,  which i s  t h e  

c o r r e c t  value.  

4. While Fig. 7 shows t h e  r e s u l t s  of p l ac ing  t h e  notch i n  t h e  anode 

of a s h o r t  device,  Fig.  8 shows t h e  r e s u l t s  of p l ac ing  t h e  notch i n  t h e  

cathode of a long device  and Fig.  9 shows t h e  cu r ren t  r e s u l t i n g .  I f  one 

t a k e s  a bulk  device and makes it p e r f e c t l y  symmetrical  bu t  wi th  random 

v a r i a t i o n s  (smooth) of doping (+ - ?$) wi th in  t h e  body, t h e  r e s u l t s  a r e  t h a t  

neuc lea t ion  t akes  p l a c e  a t  t h e  p o i n t ( s )  where s lope  of t h e  conduct iv i ty  i s  

such as t o  induce f i e l d s  similar t o  a d i p o l e  domain, i . e . ,  wi th  conduct i -  

v i t y  inc reas ing  toward t h e  anode. F igure  10 shows t h i s  on a s h o r t  sample 

where t h e  s lope  i s  q u i t e  s t e e p  and t a k e s  up t h e  whole l eng th  of t h e  device.  

Slope of conduct iv i ty  t h e  o t h e r  way w i l l  induce accumulation modes and 

avalanching a t  the  anode. 

5.  The e f f e c t s  of a temperature  change a r e  taken  t o  be ( a )  t h a t  

dens i ty  of c a r r i e r s  i s  unaf fec ted  bu t  ( b )  t h e  mob i l i t y  i s  i n v e r s e l y  pro- 

p o r t i o n a l  t o  the abso lu te  temperature  or some power t h e r e o f .  I n  F ig .  11 

t h e  cathode has  been made 2oqb h o t t e r  t han  t h e  anode ( i n  terms of abso lu t e  

temperature)  . Here normal d ipo le s  forming up quickly,  propagate  ac ross  

t h e  e n t i r e  l eng th ,  But i f  as i n  F ig .  12 t h e  anode i s  made h o t t e r ,  then  

t h i s  apparent ly  symmetrical  diode, which has  randomized f l u c t u a t i o n  i n  

doping l e v e l ,  goes i n t o  t h e  accumulation mode wi th  i t s  a t t e n d a n t  probabi-  

l i t y  of avalanche at t h e  anode. 

with sha rp  boundary c o n t a c t s  appears  t o  be 1 .4  x lo7 cm/sec. For t h e  

long sample w i t h  mature domain t h e  dep le t ion  l a y e r  i s  about 3 pM long 

and t h e  accumulation l a y e r  about 1 p long.  

6. The speed of propagat ion of t h e  d i p o l e  based on t h e  long sample 

7. Figure 1 3  shows how d r a s t i c a l l y  t h e  E f i e l d ,  v e l o c i t y ,  c u r r e n t ,  

and accumulation l a y e r s  f a l l  off  if t h e  v e l o c i t y  f i e l d  curve changes from 

Ruch-Kino t o  some o t h e r  curve.  The "o ther"  curve used i n  t h i s  case  i s  one 
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4 ca l cu la t ed  f r o m t h e  complete model of McCumber and Chynoweth wi th  a 
very  low negat ive  conduct iv i ty  and a peak v e l o c i t y  of 1.6 x 10 7 cm/sec 

a t  threshold .  

aging process  thought t o  go on here .  

w i th  Fig.  10 which i s  t h e  same diode under Ruch-Kino condi t ions .  

This  change i n  v e l o c i t y / f i e l d  i s  r e p r e s e n t a t i v e  of t h e  

This  f i g u r e  must be compared 

8.  The r e s i s t i v e  notch a t  t h e  cathode i s  thought t o  be qu i t e  pro- 

bably due t o  t h e  f a c t  t h a t  t he  cathode i s  i n v a r i a b l y  small and d o t - l i k e  

i n  form, g iv ing  r i s e  t o  surface s t a t e  e f f e c t s  i n  i t s  v i c i n i t y .  

b. C i r c u i t  O s c i l l a t i o n s  S t a r t i n g  Problems 

\ 
The second p a r t  of t h e  study concerns t h e  s t a r t i n g  behavior of 

o s c i l l a t i o n  a r i s i n g  from t h e  bulk e f f e c t  when cons t ra ined  by a c i r c u i t  

as i n  Fig.  6. 
was he ld  high a t  60 t i m e s  t h e  device r e s i s t a n c e  s o  t h a t  high values  of 

Q could be s tudied .  The Q of t h e  c i r c u i t  i s  given by t h e  r e l a t i o n -  

The va lue  of t he  load  r e s i s t a n c e  f o r  t h e  i n i t i a l  s t u d i e s  

s h i p  COC R which when 
P 

simple expression,  

The parameters of 

t h e  fol lowing : 

doping 

l eng th  

t h e  normalizat ion i s  considered reduces t o  t h e  

t h e  device as taken f o r  t h i s  i n v e s t i g a t i o n  were 

v o l t  age = 2.6 th re sho ld  vo l t age  

= 100 . Q 

1 I. 4D. McCumber, A.  Chynoweth, Theory of Negative Conductance Ampli- 
f i c a t i o n  and Gunn I n s t a b i l i t i e s  i n  Two Val ley  Semiconductors, I '  IEEE Trans. 
E l e c t .  Dev. ED-13, 4-21 (January 1966). 
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The c i r c u i t  frequency was taken f o r  t h e  cases  d iscussed  below t o  be twice  

t h e  Gunn frequency which then  corresponds t o  a frequency of approximately 

28 GHz.  

t o  s t a r t  d ipo le s  propagat ing.  

The doping l e v e l  i s  such as t o  not  r e q u i r e  conduct iv i ty  notches 

I n  t h e  above condi t ions  t h e  fol lowing s i g n i f i c a n t  va lues  appear:  

n o t  = 2 .4  x 

n d f  21 0.9 X lo3 

fog = 2.8 x 10 7 

This  p l aces  t h e  po in t  of ope ra t ion  w e l l  i n  t h e  middle of t h e  LSA region  

i n  Copeland's cha r t  of modes.5 

f a c t  t h a t  t h e  frequency i s  only twice  t h e  Gunn frequency, it might be 

expected t h a t  a t r a n s i t i o n  t o  a h igh  power o s c i l l a t i o n  would occur.  

does not  happen, however. 

vo l t age  does not swing below th re sho ld .  

A s  a r e s u l t  of t h i s ,  i n  s p i t e  of t h e  

This  

O s c i l l a t i o n  b u i l d s  up t o  a po in t  where t h e  

The s t eady  s t a t e  i s  determined 

by t h e  f a c t  t h a t  when a f u l l y  formed d ipo le  (accumulat ion l a y e r  and de- 

p l e t i o n  l a y e r  of charge)  i s  p resen t  i n  t h e  device ,  t h e  nega t ive  r e s i s t i -  

v i t y  a t  t h e  te rmina ls  i s  l o s t  and becomes p o s i t i v e .  Th i s  i s  seen i n  t h e  

phase r e l a t i o n s h i p  of cu r ren t  through t h e  device  t o  t h e  vo l t age  a c r o s s  

t h e  device.  It must be concluded t h a t  t h i s  i s  due t o  t h e  doping l e v e l  

being lower than r equ i r ed  f o r  quick co l l apse  of t h e  accumulation and de- 

p l e t i o n  l a y e r s .  This  i s  b e s t  i l l u s t r a t e d  by t h e  diagrams below, where 

'J. A .  Copeland, "LSA O s c i l l a t o r  Diode Theory," Appl. PhYS- - 38, 
3096-3101 ( J u l y  1967). 
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V i s  t h e  rf peak vo l t age  across  t h e  device and Vd i s  t h e  rf vo l t age  

developed ac ross  t h e  d ipo le .  Here I i s  t h e  cu r ren t  through t h e  device,  

excluding i n e r t  c a p a c i t i v e  cu r ren t  and Id i s  t h e  d ipo le  chak-ing cur -  

r e n t .  The angle  8 i s  l e s s  than n/2 as long as t h e  angle  fi i s  l a r g e  

and fi becomes l a r g e r  f o r  lower doping l e v e l .  A t  t h e  i n s t a n t  when a 

d i p o l e  i s  e x c i t i n g  (and en te r ing )  t h e  device,  nega t ive  r e s i s t i v i t y  a t  

t h e  t e rmina l s  w i l l  r e t u r n  due t o  t h e  low d ipo le  vo l t ages  a t  t h e s e  t imes.  

This  e f f e c t  can g ive  r i s e  t o  modulation e f f e c t s  i n  t h e  output  vo l tage .  

Based on p e r t i n e n t  computer ca l cu la t ions ,  a behavior  as depic ted  by Fig.  1 4  
i s  expected, where Area 2 i n d i c a t e s  t h a t  area where modulation i s  occurr ing 

a t  f requencies  o t h e r  t h a n  t h e  Gunn frequency. Area 1 i s  t h e  a r e a  of Gunn 

frequency modulation and Area 3 i s  an area of very l i t t l e  modulation. 

i d e a  t h a t  t e rmina l  r e s i s t i v i t y  w i l l  be p o s i t i v e  i n  t h e  presence of a d ipo le  

i s  con t r a ry  t o  Copeland's predict ions5" bu t  i n  accordance wi th  t h e  r e s u l t s  

of Thim. 

\" 

The 

2 

From t h e  above it may be expected t h a t  r a i s i n g  t h e  doping l e v e l  w i l l  

decrease  t h e  phase l a g  of d ipole  vol tage ,  i . e . ,  angle  fl , and cause 8 

t o  be g r e a t e r  than  n/2 f o r  a g r e a t e r  p a r t  of one t r a n s i t  t i m e .  This  i s  

indeed t h e  case.  and n d f  2 X lG5 

t h e  amplitude of t h e  o s c i l l a t i o n s  was increased  g r e a t l y  and now went below 

threshold ,  g iv ing  cond i t ions  t h a t  l e a d  t o  a quasi-LSA s ta te .  

t h a t  t h e  

8 i s  now approximately 135 , i n  agreement wi th  Thim. 

When t h e  doping w a s  made 4.5 X 

We may expect 

n d f  
bounds f o r  LSA a r e  h ighe r  than  have been predic ted ,  a l s o  

0 2 

Another po in t  of i n t e r e s t  i s  i n  t h e  notch expected i n  conduct iv i ty  

a t  a cathode con tac t .  The add i t ion  of t h e s e  notches (of h a l f i n g  back- 

ground c a r r i e r  concent ra t ion  a t  t h e  cathode) l e a d  as Thim has a l r eady  

poin ted  out  t o  decaying rf o s c i l l a t i o n s  because they  cause l a r g e  d ipo le s  

t o  e x i s t  f o r  most of one t r a n s i t  t i m e  and en large  t h e  angle  fi . The 

apparent  r e s u l t  w i l l  be lower power outputs  from devices .  The d i f f i c u l t y  

of d i schark ing  through a l a r g e  d ipo le  may be respons ib le  f o r  t h e  b u i l d  up 

of an E f i e l d  a t  t h e  anode observed i n  some of t h e  c a l c u l a t i o n s  involv-  

i ng  low conduc t iv i ty  ma te r i a l .  Th i s  b u i l d  up of charge works l i k e  a l a r g e  

J. A. Copeland, "Stable  Space Charge 6 
conductors ,"  J. Appl. Phys. 37, 3602-3609 

Layers i n  Two Val ley  Semi- 
August 1966). 
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Extensive e f f o r t s  were made t o  make good ohmic contac t  t o  t h i s  pure 

e p i t a x i a l  G a A s .  It was found t h a t  although p u t t i n g  con tac t s  onto ma te r i a l  

of r e s i s t i v i t y  l e s s  than 0.5 ohm/cm presented no g r e a t  problem, g r e a t  care  

had t o  be exerc ised .  With h igher  r e s i s t i v i t y  ma te r i a l  t h e  amphoteric 

na tu re  of germanium i n  G a A s  g ives  r i s e  t o  t r o u b l e  a s  acceptors  become as 

preva len t  i n  t h e  germanium s i t e s  as donors. It i s  b e t t e r  t o  switch t o  

Sn o r  ECE! s i l v e r  germni1.m indium as proposed by Texas Instruments .  I n  

any event it was found t h a t  w i t h  germanium even for t h e  low r e s i s t i v i t y  

samples, t o o  long an a l loy ing  time ( g r e a t e r  t han  3 min.) or t o o  high an 

a l l o y i n g  temperature ( g r e a t e r  than 48OoC) g ives  t roub le  from t h e  ampho- 

t e r i c  n a t u r e  of germanium. 

5 minutes r a r e l y  g ives  t r o u b l e  of t h i s  na ture .  

But Sn al loyed a t  5OO0C f o r  up t o  and beyond 

A new l i q u i d  e p i t a x i a l  system has been s e t  up f o r  cont inuing t h e  

work o r  t r y  t o  grow purer  ma te r i a l  (GaAs). 

t i o n .  

This  system i s  now i n  opera- 

Noise 

Some measurements have been made on l / f  no ise  s p e c t r a  of diodes ob- 

t a i n e d  from Hewlett Packard Co. The i n v e s t i g a t i o n  i s  centered  around 

t h e  f a c t  t ha t  it w a s  discovered that t h i s  noise  i s  qu i t e  s e n s i t i v e  t o  

s t o r a g e  a t  h igh  temperatures  and t o  sur face  condi t ions  of t h e  bonding 

of t h e  diode t o  t h e  h e a t  s ink .  

a b l e  t o  t h i s  case,  bu t  it i s  of more immediate i n t e r e s t  t o  f i n d  what 

happens during t h i s  h igh  temperature s to rage  and how it r e l a t e s  t o  oper- 

a t i n g  cond i t ions  and l/f no i se  a t  the con tac t s .  

Previous t h e o r i e s  on l/f no i se  a r e  adapt-  

T o  t h i s  end t h e  equipment has been procured t o  measure noise  of t h i s  

n a t u r e  i n  t h e  l abora to ry .  

R 

t 

G a A s  Probing S e t  Up 

A s e t  q f c r  ~ z k t ~ g  ?r&?ng measurements ( sub- threshold)  on Ga4s i s  
The purpose i s  t o  measure doping p r o f i l e s  and t h e i r  d i s t o r t i o n  ‘made. 

near  t h re sho ld .  
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e x t r a  d ipole  t o  cause t h e  phase angle  8 t o  be l e s s  t han  1112 f o r  a 

major por t ion  of t h e  t r a n s i t  t ime. 

The c a l c u l a t i o n  of e f f i c i e n c y  and power output  a g a i n s t  frequency 

i s  progressing i n  accordance wi th  t h e  fo l lowing  plan:  a new c h a r a c t e r i -  

z a t i o n  of t h e  device  i n  t e r m  of impedance as a func t ion  of vo l tage ,  

frequency, r e l a x a t i o n  t ime,and  t ime w i l l  f i r s t  be obtained and then  

used i n  a nonl inear  i t e r a t i v e  a n a l y s i s .  

C r y s t a l  Growth 

A program i s  underway t o  grow very  pure G a A s  of c a r r i e r  d e n s i t y  

2i 1013 from t h e  s o l u t i o n  i n  gal l ium. 

grow, over t h e  l a s t  s ix  months, some doped c r y s t a l s  of G a A s .  The dopant 

used h i t h e r t o  has  been t i n ,  w i th  q u i t e  good r e s u l t s .  C a r r i e r  d e n s i t i e s  

can be predic ted  t o  a f a i r  accuracy merely by c o n t r o l l i n g  t h e  amount of 

Sn i n  the m e l t .  Two sets of t h r e e  c r y s t a l s  were grown on i n s u l a t i n g  

G a s ,  one s e t  w i th  a r e s i s t i v i t y  of approximately 4 ohm cm and t h e  o t h e r  

s e t  wi th  r e s i s t i v i t i e s  of approximately 0.3 ohm cm. 

c r y s t a l s  w a s  c o n t r o l l e d  by a slow automatic  adjustment of temperature  

of t h e  so lu t ion  downwards over a long t i m e  per iod .  

t i o n  c r y s t a l s  t h i s  procedure g ives  a f a i r l y  t o l e r a b l e  and f l a t  su r face  

wi th  only l i t t l e  s t e p s  on it. 

This  technique has  been used t o  

Growth of t h e s e  

With (111) o r i e n t a -  

Van de  Pauw measurements were performed on t h e  lower r e s i s t i v i t y  

c r y s t a l s  g i v i n g  t h e  fo l lowing  r e s u l t s :  

2 T n d e n s i t y  R e s i s t i v i t y  p cm /V s e c  

3OO0K 3.4 x 1 0 ~ 5  0.31 5980 

260 '~  3.4 0.26 7150 

226OK 3. 0.216 8600 

l 9 O 0 K  3.3 0.185 10200 

15boK 3.2 0.153 12800 

120°K 3.05 0.129 16100 
77OK 2.9 0.098 22000 

Schot tky b a r r i e r  measurements i n d i c a t e d  a f l a t  p r o f i l e .  
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